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RESEARCH  MEMORANDUM 


HEAT  TRANSFER  AND  PRESSURE  MEASUREMENT  ON  A 
5-INCH  HEMISPHERICAL  CONCAVE  NOSE 
AT  A  MACH  NUMBER  OF  2.0* 
By  J .  Thomas  Markley 

SUMMARY 


A  5-irich-diameter  hemispherical  concave  nose  was  tested  at  a  Mach 
number  of  2.0  in  a  free  jet  to  determine  heat  transfer  and  pressure  dis- 
tribution. The  tests  were  made  under  sea-level  conditions  for  a  Reynolds 

number  per  foot  of  about  Ik   x  10  . 

The  concave-nose  stagnation-point  heating  is  kO   percent  of  that  of 
a  hemisphere  nose  shape  having  the  same  diameter.  At  angles  of  attack 
of  ±5°  and  ±10°  there  is  no  increase  in  the  heat-transfer  coefficient 
of  the  nose.   However,  some  increase  in  heat-transfer  coefficient  is 
shown  for  the  afterbody  section  of  the  model  for  windward  angles  of 
attack.  Pressures  measirred  up  to  60°  on  the  concave  part  of  the  model 
were  eq.ual  to  total  pressure  behind  the  shock  at  all  angles  of  attack. 


INTRODUCTION 


The  Langley  Pllotless  Aircraft  Research  Division  is  currently 
investigating  blunt  nose  shapes  for  application  to  the  design  of  super- 
sonic missiles.  Blunt  nose  shapes  have  considerably  less  heat  transfer 
than  a  pointed  nose  tip.  The  hemisphere  and  flat-face  nose  shapes  have 
been  tested  extensively.   It  has  been  shown  that  the  stagnation-point 
heat  transfer  to  a  flat  face  is  one-half,  or  less,  that  to  the  stagna- 
tion point  of  a  hemisphere.   Several  investigators  have  suggested  that 
a  concave  nose  shape  would  probably  have  even  less  stagnation-point 
heating  than  the  flat  face.  Reference  1  presented  heat-transfer  coeffi- 
cients for  several  blunt  shapes  with  modest  depressions  at  the  nose;  how- 
ever, no  beneficial  effects  of  these  depressions  were  noted.   Other  tests 
of  concave  nose  shapes  like  those  reported  in  reference  2,  which  includes 
tests  directed  toward  the  study  of  heating  in  concave  hemispherical 
depressions,  have  indicated  stagnation  heating  rates  considerably  less 
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than  for  the  hemisphere.   In  order  to  evaluate  the  heat-transfer  coeffi- 
cient of  a  concave  nose  shape  in  more  detail,  at  the  lip  and  at  angle  of 
attack  as  well  as  at  the  stagnation  point,  a  concave  nose  has  been  tested 
and  the  results  are  reported  herein. 


a        angle  of  attack,  deg 

Cy.        specific  heat  of  skin,  Btu/lb-°F 

p         mass  density  of  skin,  Ib/cu  ft 

h         local  aerodynamic  heat-transfer  coefficient,  Btu/(sec)(sq  ft)(°F) 

h 


hs 


stag  of  hemisphere 


^staa;  stagnation  point  heat-transfer  coefficient,  Btu/(sec)(sq  ft)('^) 

M  Mach  number 

Npj,  Prandtl  number 

p^  total  pressure  ahead  of  shock,  Ib/sq  ft 

p  local  static  pressure,  Ib/sq  ft 

p  free-stream  static  pressure,  Ib/sq  ft 

p.  _  total  pressure  behind  normal  shock,  Ib/sq  ft 

S  distance  along  surface  from  center  line^  in. 
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S-[_       maximum  distance  along  surface  from  center  line  to  Up,  In. 
ty        skin  thickness,  ft 

Tg^^      adlabatlc  wall  temperature,  ii 

T^        free- stream  stagnation  temperature,  '^ 

T^       wall  temperature,  ^ 

T         static  temperature  ahead  of  shock,  °R 
^P        recovery  factor 

6        angle  between  the  model  surface  and  the  free-stream  direction, 
deg 

T        time,  sec 

T,        local  temperature  "behind  normal  shock 

cp        angle  from  vertical  reference  plane,  deg 

APPARATUS  AND  TESTING 


All  tests  were  conducted  at  the  preflight  jet  of  the  Langley 
Pllotless  Aircraft  Research  Station  at  Wallops  Island,  Va.  This  blow- 
down  jet  has  true  sea-level  conditions. 

The  model  was  located  with  its  center  line  on  the  center  line  of 
the  jet  with  its  face  2  inches  downstream  of  the  nozzle.   Figure  1  shows 
the  model  before  it  was  swung  into  the  jet  stream.  The  model  was  moved 
downstream  so  that  the  picture  could  be  taken.  The  model  was  within  the 
Mach  diamond.   Shadowgraph  pictures  were  made  diiring  all  tests  and  are 
shown  in  figures  2  to  ^  for  angles  of  attack  of  0°,  5°,  and  10°.  From 
these  figures  no  interaction  with  the  Mach  diamond  of  the  jet  can  be 
seen. 

The  pressures  were  measiored  by  using  Statham  gages  which  are  accu- 
rate to  within  ±1  percent .  The  temperatures  are  measured  by  thermo- 
couples which  have  the  junction  box  at  the  base  of  the  stand.  The  ref- 
erence junction  temperature  is  measured  by  reading  a  thermometer  located 
in  a  box  which  is  free  of  any  wind  currents. 
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MODEL 


The  dimensions  of  the  model  are  shown  in  figure  5-   The  model  was 
made  of  Inconel,  of  a  nominal  0.050-inch  thickness,  hut  because  of  the 
spinning  process  used  in  the  construction,  the  thickness  of  the  skin 
varied.  These  variations  are  tabiilated  in  figure  5»  No  support  was 
given  the  skin  other  than  the  model  shape  itself. 

Instrumentation  consisted  of  chromel-alumel  thermocouples 
(No.  30  gage)  welded  to  the  interior  of  the  skin.  A  ray  of  thermo- 
couples and  pressiore  orifices  were  located  l80°  from  each  other  so  that 
when  the  thermocouples  were  windward  for  a  test  at  angle  of  attack,  the 
pressure  orifices  were  leeward  by  the  same  angle.  There  were  I5  thermo- 
couples and  11  pressure  orifices  located  at  positions  shown  in  figure  5* 
The  inside  diameter  of  the  pressure  orifices  was  O.O5O  and  the  tubing 
length  to  the  Statham  gages  was  5  feet. 

The  surface  roughness  of  the  model  was  about  I5  microinches  as  meas- 
ured by  a  Physicists  Research  Co.  Profilometer,  Model  No.  11,  Type  9,  for 
the  initial  tests;  however,  during  the  ensuing  runs  the  roughness  increased 
from  15  to  an  estimated  value  of  50  microinches. 


TEST  CONDITIONS 


The  model  was  tested  at  a  Mach  number  of  2.0  at  angles  of  attack  of 
0°j  *5°?  and  ±10°.  All  tests  were  made  in  a  free  jet  with  a  27-  by 
27-inch  nozzle  which  allowed  testing  at  constant  sea-level  pressure  and 
temperature  for  8  seconds .  Reynolds  nimber  of  the  test  based  on  body 

diameter  was  6 .k  x   10  .  The  model  was  injected  into  the  airstream  and 
was  on  center  line  approximately  0.1  second  after  steady-flow  conditions 
of  the  jet  had  been  reached. 


DATA  REDUCTION 


The  aerodynamic  heat-transfer  coefficients  were  calculated  from 
data  measured  during  the  transient  heating  of  the  model  at  the  earliest 
possible  time,  which  was  0.1  second  after  the  model  was  on  center  line. 
At  this  time  the  estimated  radiative  and  conductive  heat  loss  to  the 
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air  "behind  the  model  vas  negligible.  The  heat-transfer  coefficients 
were  calculated  by  using  the  equation 


^  ^     PyCyty  dTy 
Taw  -  Tw  dT 


The  time  rate  of  change  of  wall  temperature  was  obtained  from  plots 
of  the  wall  temperature  as  a  function  of  time.  The  heat-transfer  coeffi- 
cient was  then  evaluated  by  using  a  mass  density  for  Inconel  of 
518  Ib/cu  ft  and  a  specific  heat  of  0.11  as  given  in  reference  3-     Meas- 
ured values  of  skin  thickness  were  used  in  all  calculations. 

In  the  case  where  the  thermocouple  was  located  internally  on  the 
lip,  the  following  equation  was  used  to  take  in  the  variations  in  surface 
area: 


Pw^w^w 


T   -  T 
aw    w 

where  R-]_  is  the  inside  radius  of  the  lip  and  Ro  is  the  outside  radius. 

This  expression  gives  an  effective  thickness  of  the  Inconel;  as  the  result 
of  the  equation,  the  average  thickness  is  obtained  by  dividing  the  volume 
of  the  material  by  the  surface  area.  The  value  for  the  effective  thickness 
was  75  percent  of  the  actual  measured  thickness. 

The  adiabatic  wall  temperature  was  obtained  by  using  the  equation 


"^aw  -  ^t 


T]    1  -  ^U  ^ 


1  /o  \  1  /o 

where  t]^  =  ('Np J)  '  .  The  fact  that  (Np„]  '    varies  over  the  tempera- 


rn 

ture  ranee  makes  little  difference  since  the  minimum  ratio  of  —  on  the 

Tt 

body  was  0.9-  The  equation  used  to  calculate  the  heating  rates  assumes 
constant  temperature  through  the  wall. 
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RESULTS  AND  DISCUSSION 


Pressure  Distribution 

Figures  6  and  7  show  the  pressure  distribution  for  the  model  at 
angles  of  attack  of  0°,  ±5°^  ^^^   ±10°.  The  local  measured  pressijre  was 
divided  by  the  maximum  measured  pressure  to  obtain  the  ratio  of  local 
pressure  to  total  pressure  behind  the  shock  as  presented  in  figures  6 
and  7»  Figure  6  shows  the  windward  pressure  distribution  plotted  against 
the  distance  along  the  surface  from  the  stagnation  point.   For  all  angles 
of  attack,  the  three  pressure  stations  up  to  and  including  the  60°  sta- 
tion, which  was  the  last  station  at  which  measurements  were  taken  on  the 
concave  part,  measured  total  pressure  behind  the  shock.  The  dotted  line 
represents  a  fairing  of  the  data  for  the  0°  angle-of -attack  test.  The 
five  pressure-measuring  orifices  on  the  lip  recorded  free-stream  static 
pressures  for  the  0°  angle-of -attack  test.  All  pressure  gages  on  the 
lip  were  of  low  range  ±15  Ib/sq.  in. 

Figure  7  represents  leeward  pressure  distribution  plotted  against 
surface  distance  from  the  stagnation  point.  As  in  figure  5^  "the  dotted 
line  represents  a  fairing  of  the  data  for  the  0°  angle-of -attack  test. 
The  leeward  tests  also  show  total  pressure  behind  the  shock  for  the 
three  measuring  stations  up  to  60°  on  the  concave  part.  Figures  6  and  7 
show  that  for  these  test  conditions  the  model  experienced  total  pressure 
behind  the  shock  up  to  and  including  the  60°  station  which  was  the  last 
station  at  which  measurements  were  taken  between  60°  and  the  lip. 


Heat  Transfer 

Figure  8  shows  the  wall-temperature  distribution  for  the  model  at 
angles  of  attack  of  0°,  ±5°,  and  ±10°.  The  faired  line  indicated  by 
0  seconds  represents  the  wall  temperature  at  which  time  the  heat-transfer 
coefficients  were  obtained  as  represented  in  figures  9  and  10. 

Figures  9  and  10  show  the  heat-transfer  distribution  for  the  model 
at  angles  of  attack  of  0°,  ±5°,  and  ±10°.  Figure  9  presents  the  heat 
transfer  for  the  windward  test  at  5°  and  10°.  The  dotted  line  is  the 
fairing  for  the  data  at  an  angle  of  attack  of  0°.  This  figure  shows  that 
out  to  the  station  where  S  =  3.25  inches   (75°)  "the  heat  transfer  remains 
fairly  constant.  The  station  immediately  inside  the  lip  ^'Ty]  experienced 

the  highest  heat  transfer,  but  it  is  Important  to  note  that  this  heat 
transfer  remains  constant  with  windward  angle  of  attack.  The  lip  at  a 
windward  angle  of  10°  experienced  heat-transfer  coefficients  only  22  per- 
cent higher  than  those  at  an  angle  of  attack  of  0°.  The  lowest  heat- 
transfer  coefficients  are  on  the  cylinder  which  is  in  a  region  of  low 
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pressure.   The  heat-transfer  coefficients  on  the  cylinder  are  the  highest 
when  the  model  is  at  windward  angles  of  attack  of  5°  and  10°.  The  maxi- 
mum heat-transfer  coefficient  for  the  test  at  an  angle  of  attack  of  5° 
is  21  percent  higher  than  that  for  the  test  at  0°,  and  the  maximum  for 
the  test  at  10°  is  31  percent  higher. 

Figure  10  presents  the  heat-transfer  coefficients  for  the  leeward 
test  at  5°  ^•nd  10°.  The  dotted  line  connects  the  points  from  the  test 
at  an  angle  of  attack  of  0°.  This  figure  shows  that  the  heat-transfer 
coefficients  for  the  leeward  test,  up  to  station  S  =  3.25  inches   (75°) 
are  the  same  as  for  the  windward  test.  The  highest  heat-transfer  coeffi- 
cient experienced  in  the  leeward  tests  is  on  the  inside  of  the  lip  (TyV 

the  same  as  in  the  windward  tests.  On  the  cylinder  of  the  model  the 
heat  transfer  is  lower  than  that  of  the  0°  angle-of-attack  test.  The 
lip,  at  a  leeward  angle  of  attack  of  10°,  experienced  30  percent  lower 
heat-transfer  coefficients  than  those  of  the  0°  angle-of-attack  test. 

In  figure  11,  heating  rates  obtained  for  the  model  at  an  angle  of 
attack  of  0°  are  compared  with  those  obtained  experimentally  and  calcu- 
lated by  laminar  theory  for  both  a  hemisphere  nose  and  a  flat  nose.   This 
comparison  has  been  made  by  presenting  the  ratio  of  the  local  heat- 
transfer  coefficient  to  the  stagnation-point  heat-transfer  coefficient 
for  a  hemisphere  of  the  same  diameter.  The  calculations  were  made  by 
the  laminar  theory  presented  in  reference  h   for  both  the  hemisphere  and 
flat  noses.  The  experimental  data  for  the  hemisphere  (ref.  5)  and  the 
flat  noses  were  obtained  in  the  preflight  jet  under  sea-level  conditions 
at  M  =  2.0.   The  test  results  Indicated  transition  at  about  SlS^^  =   0.33 •) 

Comparison  of  these  values  with  those  for  the  concave  nose  shape  at  0° 
angle  of  attack  indicates  that  the  local  heat-transfer  coefficients  on 
the  concave  nose  are  lower  than  both  theoretical  and  experimental  values 
for  either  the  flat  or  the  hemisphere  nose,  until  SjS-^   =  0.825  or 

S  =  5.25  inches.   The  heat-transfer  coefficient  at  the  stagnation  point 
is  approximately  kO   percent  of  that  on  the  hemisphere. 

Another  comparison  may  be  made  on  the  basis  of  total  heat  input. 
In  this  case  it  is  important  to  remember  that  the  hemisphere  and  the  con- 
cave nose  have  twice  the  surface  area  as  that  of  the  flat-face  model.  The 
following  chart  shows  the  comparison  in  total  heat  input  for  a  Mach  number 
of  2.0;  however,  reference  2  shows  a  different  relationship  in  total 
heating  for  higher  Mach  numbers: 
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Nose  shape 

Data  obtained  by  - 

Total  heat  input, 
Btu/sec 

Hemisphere 

Laminar  theory- 

37^ 

Hemisphere 

Experiment 

957 

Flat  face 

Experiment  and 
laminar  theory 

255 

Concave 

Experiment 

556 

Comparison  of  the  experimental  heat-transfer  distribution  of  a  hemi- 
sphere where  transition  occurs  at  S/S^  =0.53  shows  that  the  total 
heating  is  1.8  times  higher  than  experimental  values  for  the  concave  nose. 
Since  the  freestream  Reynolds  numbers  for  the  tests  of  the  concave  and  the 
hemisphere  noses  were  about  the  same,  this  comparison  indicates  that  the 
concave  nose  might  be  extremely  worthwhile  in  conditions  where  transition 
would  be  expected  on  a  hemispherical  nose. 

The  nose  shape  reported  herein  was  investigated  by  the  Langley 
Pilotless  Aircraft  Research  Division  on  a  two-stage  rocket-propelled 
model  at  Mach  numbers  between  3  and  7-  These  unpublished  data  indicated 
stagnation-point  values  of  only  one-tenth  to  one-twentieth  of  those  of 
the  hemisphere .   Other  tests  as  discussed  in  reference  6  indicate  two 
types  of  flow  about  the  nose,  steady  and  unsteady  flow.   Both  types  of 
flow  were  observed  under  the  same  flow  conditions  and  no  reason  could  be 
given  to  explain  the  two  types  of  flow.  The  heat-transfer  coefficients 
measured  in  reference  6  for  the  unsteady  flow  were  approximately  6  to 
7  times  the  coefficients  for  the  steady  flow.  The  steady-flow  coeffi- 
cients in  the  tests  of  reference  6  varied  from  20  percent  to  50  percent 
of  the  values  at  the  stagnation  point  of  a  hemisphere.  The  differences 
between  the  apparently  steady  flow  results  of  the  present  test,  the  tests 
of  reference  6,  and  the  flight  tests  have  not  been  explained  as  yet. 

CONCLUSIONS 

From  tests  made  in  the  preflight  jet  of  the  Langley  Pilotless  Air- 
craft Research  Division  (at  its  testing  station  at  Wallops  Island,  Va.) 
at  a  Mach  number  of  2  and  sea-level  Reynolds  numbers  on  a  concave  nose, 
the  following  results  are  evident: 


1.  Pressures  measiired  up  to  60°  on  the  concave  part  of  the  model 
were  equal  to  the  total  pressure  behind  the  shock  at  angles  of  attack  of 
0°,  ±5°,  and  ±10°.  The  lip  of  the  model  experienced  free-stream  static 
pressures  at  0°  angle  of  attack. 


2.  The  heat-transfer  coefficient  at  the  stagnation  point  at  0°  angle 
of  attack  is  approximately  kO   percent  of  that  on  the  same  size  hemisphere. 
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3.  The  highest  local  heat-transfer  coefficient  was  measured  immedi- 
ately inside  the  lip;  this  heating  was  of  the  same  magnitude  for  all  angles 
of  attack.   The  heat-transfer  coefficient  on  the  lip  at  an  angle  of  attack 
windward  of  10°  was  lower  than  that  experienced  immediately  inside  the  lip. 

^4- .  Comparing  the  concave  nose  and  the  hemisphere,  which  were  tested 
at  the  same  free-stream  Reynolds  number,  on  the  basis  of  total  heat  input, 
the  hemisphere  was  heating  1.8  times  higher.  This  comparison  indicates 
that  the  concave  nose  might  be  extremely  worthwhile  in  conditions  where 
transition  would  be  expected  on  a  hemispherical  nose.   However,  other 
tests  on  concave  noses  indicate  the  possibility  of  unsteady  flow  condi- 
tions in  the  cup  which  give  a  large  increase  to  the  total  heat  input .  At 
present,  the  conditions  under  which  these  unsteady  flows  are  obtained  are 
not  understood. 

Langley  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 
Langley  Field,  Va.,  February  27,  I958. 
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Figure  2.-  Shadowgraph  of  model  at  angle  of  attack  of  0  .    L-58-I61O 
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Figure   3--   Shadowgraph  of  model  at  angle   of  attack  of  5°-       L-58-I6II 
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Figure  k.-   Shadowgraph  of  model  at  single  of  attack  of  10°.  L-58-I612 
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X  -Thermocouple 
•  —Pressure    pickup 


Outside   radius   of  Iip  =  .l0 
Inside  radius  of  lip=.050 
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0 
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0 

Ik 
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90 

15 
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^Thermocouple  and  pressure  pickups  are  numbered  in  order  from  center  line. 


Figure  5'-  Sketch  of  model  and  station  locations. 
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Figure  6.-  Pressure  distribution  at  windward  angle  of  attack. 
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Figure  7--  Pressure  distribution  at  leeward  angle  of  attack. 
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Figure  8.-  Wall-temperat\ire   distribution  for  0   ,   ^   ,    and  10    . 
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